Different synthetic DNA nucleotide sequences were evaluated as gene probes for the specific detection and differentiation of Staphylococcus aureus strains encoding enterotoxins A (SEA), B (SEB), and C (SEC) and toxic shock syndrome toxin 1 (TSST-1). Identification of sequences unique to each toxin, based on knowledge of their nucleotide sequences, led to preparation of the specific 18-base oligonucleotide probes EA1 (encoding amino acids 177 to 182 of SEA), EB2 (encoding amino acids 105 to 110 of SEB), EC5 (encoding amino acids 125 to 131 of SEC1), and TSI (encoding amino acids 160 to 166 of TSST-1). In colony blot hybridization analyses, these probes hybridized specifically with DNA from strains that produced the respective toxin serotypes. An excellent (-93%) correlation between hybridization results (genotype) and toxin protein detection by an enzyme-linked immunosorbent assay (phenotype) was observed in the characterization of both reference and clinical strains of S. aureus for SEA, SEB, and TSST-1. A lower correlation (64%) for SEC reflected a lack of sensitivity in detecting toxin production. Our findings demonstrate that molecular DNA hybridization with synthetic oligonucleotide probes provides another approach for establishing the toxigenicity of S. aureus.
Certain Staphylococcus aureus strains produce one or more of a family of pyrogenie exotoxins (7) that include staphylococcal enterotoxins (SEs) and toxic shock syndrome toxin 1 (TSST-1). The SEs represent a major worldwide cause of food poisoning in humans. These secreted toxins can induce emesis and diarrhea in humans and' other primate species (2, 27) . TSST-1 is produced by some strains of S. aureus associated with toxic shock syndrome and is a putative pathogenic factor in this disease (3) . Both SEs and TSST-1 exert similar effects on immune functions (14) , but TS$T-1 does not exhibit the enterotoxic properties of the SEs (23) .
SEs share a similar fundamental structure that consists of a polypeptide chain (26 to 29 kilodaltons) with a single disulfide loop (27) , whereas TSST-1 is a smaller protein (22 kilodaltons) without a disulfide loop (5) . The SEs have been distinguished serologically into several groups (SEA, SEB, SEC1, SEC2, SEC3, SED, 'and SEE) (27) . Amino acid sequences for all the SEs and TSST-l as well as nucleotide sequences for their corresponding genes (entA, entB, entC" entC2, entC3, entD, entE, and tst) have been established (1, 4, 5, 7, 8, 11, 12, 18) . A comparison of the gene sequences has revealed different degrees of relatedness among the ent genes. The three entC genes share a high degree of homology (98%) among themselves and substantial homology to entB (74%). The relatedness of entB and entC to entA (approximately 50%) is lower than that of entA to entE (84%). entD is more closely related to entA and entE (about 54%) than to entB and entC, (40%). In contrast, tst shares little overall sequence homology with the ent genes (4, 5 (4, 6, 22) . As an alternative approach to designing probes that react with multiple toxin genes, we chose to develop oligonucleotide probes that would allow specific detection and differentiation of toxigenic S. aureus isolates prepared on colony blots. For this purpose, we have tested in this study different synthetic DNA oligonucleotide probes that represent sequences unique rather than common to the toxin genes entA, entB, entC, and tst.
MATERIALS AND METHODS
Bacterial strains. A total of 162 clinical isolates of S. aureus which were uncharacterized for toxin properties were examined in this study. Other isolates tested included S. aureus isolates previously characterized as producing one or more toxins, a set of isolates representing several other Staphylococcus species, and a set of isolates representing several genera of gram-negative bacteria. These latter three sets of isolates were used as reference standards and as controls in evaluating the specificity of the probes. Bacteria were cultivated at 37°C in Luria broth (13) or on tryptic soy agar (Difco Laboratories, Detroit, Mich.). Culture filtrates for immunological detection of toxins were prepared from Luria broth cultures incubated at 37°C with shaking overnight. Following centrifugation to remove cells, culture (25) . Rabbit polyclonal antisera to SEB were purchased from Sigma Chemical Co., St. Louis, Mo. Purified SEA, SEC1, and TSST-1, as well as rabbit polyclonal antisera to these three toxins, were obtained from Toxin Technology, Inc., Madison, Wis. Mouse monoclonal immunoglobulin G antibodies 1A (SEA), 2B (SEB), 1C3 (SEC1, SEC2, and SEC3), and 9T (TSST-1) were obtained from IGEN, Inc., Rockville, Md. Antibodies 1A, 2B, and 1C3 have been described previously (29) .
Oligonucleotide probes. The compositions of oligonucleotide probes were derived from published nucleotide sequences for the enterotoxin genes and for TSST-1 (4, 5, 7, 18) . Oligonucleotide probes (Table 1) (19) . The membranes were placed for 5 min at room temperature on filter paper soaked with 0.5 N NaOH in 1.5 M NaCl. This procedure was followed by steaming for an additional 5 min. The membranes were placed for 5 min on filter paper soaked with 1 M Tris-2 M NaCl (pH 7), removed, and fixed by air drying.
Hybridization and autoradiography. Membranes were prehybridized for 2 to 4 h at 60°C in 4 ml of a solution containing 6x SSC (lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 10X Denhardt solution (20) , 200 Ftg of denatured herring sperm DNA, and 0.1% sodium dodecyl sulfate.
Following replacement with fresh prehybridization solution, radioactive probe (-106 cpm per filter) was added and hybridization was allowed to proceed for 16 h at 35°C. Membranes were washed in 6x SSC for 2 to 4 h at 50°C for probes EA1, EB2, and EC4 and at 45°C for probe TS1. After air drying, autoradiography was accomplished by exposure of filters to X-ray film (XAR-5 film; Eastman Kodak Co., Rochester, N.Y.) at -70°C in the presence of an intensifying screen for various times.
Immunological detection of toxins. Toxin antigen production by S. aureus strains was detected by use of a noncompetitive double-antibody enzyme-linked immunosorbent assay (ELISA) with commercially available antitoxin antisera. The buffers used in the assays were those described previously (16) . Briefly,. for each assay, polyvinyl microtiter plates (Immulon 2; Dynatech Laboratories, Inc., Chantilly, Va.) were coated with 100 ,ul of carbonate buffer (pH 9.6) containing diluted rabbit polyclonal antibody specific for the appropriate toxin. Following incubation at 37°C for 2 h, the plates were washed three times with phosphate-buffered saline containing 0.05% Tween 20 (PBS-T). To each well was added 200 ,ul of blocking buffer containing casein and bovine serum albumin dissolved in phosphate-buffered saline. Following incubation at 37°C for 1 h, the plates were washed again three times with PBS-T and 100 pul of bacterial filtrates, serially diluted in blocking buffer, was added to appropriate wells. Following overnight incubation at 4°C, the plates were washed again three times with PBS-T. Then, 100 ktl of appropriately diluted mouse monoclonal antibody to a particular toxin was added to each well. Incubation at 37°C for 1 
RESULTS AND DISCUSSION
Analysis of the nucleotide sequences reported for the entA, entB, entC1, and tst genes (4, 5, 7, 18) indicated that the 18-base oligonucleotide probes (Table 1) EA1 (SEA), EB2 (SEB), EC5 (SEC), and TS1 (TSST-1) encode sequences unique to the toxins from which they were derived. Their reliability as specific diagnostic tools for the detection and differentiation of toxigenic S. aureus isolates was first tested in hybridizations with colony blots of 17 previously characterized toxin-producing reference strains. The toxigenic properties of these strains were verified by specific immunoassays for the detection of toxin production in culture fluids. The results (Table 2) indicated that there was 100% correlation between the hybridization of the probes with the DNA of strains encoding the corresponding toxins (genotype) and toxin production as defined by the ELISA (phenotype). In addition, none of the probes hybridized with any of 22 isolates representative of other Staphylococcus species or with 15 strains representative of several genera and species of gram-negative bacteria that were included as controls in these tests (data not shown). Figure 1 provides a representative autoradiogram of a colony blot hybridization test of 33 strains (9 positive and 24 negative) with probe EA1. Generally, some variations in the intensity of the isotopic signal from positive DNA preparations were evident, irrespective of the probe that was being used. Most likely, such variability reflects differences in the amount of DNA released from the organisms following lysis by treatment with steam under alkaline conditions. Nonetheless, our hybridization procedure provided objective and reproducible results. In contrast, when Whatman type 541 filter paper (19) was used in place of the nylon-based GeneScreen Plus membrane for colony blots, we encountered high levels of nonspecific binding of the oligonucleotide probes to the type 541 paper even in the presence of excess herring sperm DNA.
We properties ( Table 3) . As in the case with the reference strains, excellent agreement was found in this experiment between the results of colony blots and those of ELISAs for SEA (93%), SEB (100%), and TSST-1 (100%). Following the immunoassay of culture filtrates for SEC (Table 3 ), however, we were able to detect enterotoxin production in only 64% of the SEC probe-positive clinical isolates despite the fact that the respective hybridization signals were strong. Several reasons could account for our inability to detect enterotoxin production by these isolates. Our ELISAs were able to detect a minimum of 0.01 ,ug of toxin per ml and thus were comparable in sensitivity to other previously described immunological assays for the SEs and TSST-1 (31). However, we did note up to 100-fold variations in levels of toxin production between some isolates of the same toxin type (Table 3) . Thus, the expression of the ent genes in some of the isolates may have been below the level of detection under the conditions that we used. Alternatively, some of these clinical isolates may possess a partial ent gene of a size sufficient to be reactive with a synthetic probe but defective in coding for the synthesis of serologically reactive toxin peptides. Although it is possible that the lack of correlation in some cases between hybridization with probe EC5 and toxin production reflected nonspecific reactions, a more likely possibility is the inability of our ELISA to adequately detect SEC2 and SEC3. Isolates reacting with probe EC5 also reacted with probe EC4, encoding amino acids 102 to 107 of SEC1 ( Table 1 ), indicating that additional SEC sequences are present in the EC5-reactive isolates. Both of these probes encode highly conserved regions of homology in all serotypes of SEC (7, 8, 11) . On the other hand, probe EB/C4 encodes nucleotides conserved in SEB and SEC1 (7, 18) but not in SEC2 or SEC3 (8, 11) . EB/C4 reacted with SEC1 strain 139-H-2 but not with SEC2 strain 2936. Only 2 of the 11 probe EC5-reactive isolates also reacted with probe EB/C4, suggesting that 9 of the strains were SEC2-or SEC3-producing types.
Of the 162 strains examined in Table 3 , 46% (75 of 162) reacted with one or more of the four probes. None of the strains reacted with more than one of the three SE probes. Of the strains reacting with the TS1 probe (37 of 162), 43% (16 of 37) also reacted with probe EA1, whereas 14% (5 of 37) also reacted with probe EC5. None of the TSST-1-encoding strains hybridized with the SEB probe. Our observation that some TSST-1-producing strains also contained genes for entC but not entB has been noted previously (6) . Other recent reports have described similar attempts at identifying oligonucleotide probes for the detection of staphylococcal toxins. Bonventre et al. (9) found that oligonucleotides encoding amino acids 31 to 41 or 145 to 154 of TSST-1 were effective in detecting tst genes in Southern blots of purified chromosomal DNA and thus were comparable in utility to our TS1 probe (encoding amino acids 160 to 166) for specifically identifying TSST-1-producing isolates. Notermans et al. (22) evaluated individual synthetic probes for their utility in detecting both SEB-and SEC1-producing enterotoxigenic S. aureus isolates on colony blots. They established that one of these probes (consisting of a 39-nucleotide sequence that encoded amino acids 207 to 219 of SEB) was effective in detecting both SEB-and SEC-producing isolates of S. aureus. A second probe (encoding amino acids 180 to 192) specifically distinguished SEB isolates from isolates of other SE types and thus was comparable to our EB2 probe (encoding amino acids 104 to 111). A pitfall, however, of devising cross-reacting probes was revealed in another study in which an oligonucleotide constructed as a universal probe for the detection of several different ent genes exhibited weak reactions with non-toxinrelated DNA (4) .
In contrast, rather than constructing a single universal SE-detecting probe, we developed the probes described in our study with the specific intention of distinguishing SEA-, SEB-, SEC-, and TSST-1-producing isolates. Because they are derived from nonconserved regions of each toxin gene, probes EA1 (SEA), EB2 (SEB), EC5 (SEC), and TS1 (TSST-1) can readily differentiate among isolates producing these toxins. Our results demonstrate that molecular hybridization with synthetic oligonucleotide probes tailor-made to consist of nucleotide sequences that are unique to each of the genes for SEA, SEB, SEC, and TSST-1 provides an additional approach for defining the toxigenicity of S. aureus. Moreover, for studies on the regulation of these toxins, the probes can be used to identify isolates that contain silent genes or ones that do not produce readily detectable levels of enterotoxin in vitro (M. T. Soltis, J. J. Mekalanos, and M. J. Betley 
